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Use of monoclonal antibodies to investigate the intracellular transport and biogenesis of intestinal brush-border proteins
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The differentiated enterocyte of the mammalian small intestine is an excellent model to study the polarized expression of surface membrane proteins in epithelial cells. A number of digestive hydrolases, most of which are major integral membrane proteins, are specifically expressed in the brush-border membrane of these cells and they can serve as molecular markers for the apical membrane domain (Semenza, 1985) . Previous studies on the biogenesis of the brush-border membrane have been carried out with subcellular fractions of either scraped mucosa, isolated villus cells or organ-cultured mucosa, and have given important clues on precursor forms and the post-translational processing of these hydrolases (Hauri, 1983 , Quaroni, 1984 , Danielsen t't al., 1984 . I t would be highly desirable to have an intestinal cell culture system in which biosynthetic processes can be manipulated experimentally in a much easier way than in intact tissues. Although the establishment of permanent intestinal cell cultures has been achieved it has become apparent that these cells are of crypt origin and it has not been possible to allow them to differentiate into villus cells in culture (Quaroni et ul., 1979) . Recently, a highly differentiated colonic-adenocarcinoma cell line, Caco 2 , was described. which expresses small-intestine brushborder enzyme activities (Pinto ~t ul., 1983) . We have prepared a panel of monoclonal antibodies against human intestinal brush-border enzymes and have used these probes to study the transport of four hydrolases to the luminal cell surface in Caco 2 cells.
Idont$cation of huniun small-intcstinul brush-bordcr cnzjmi~s h!, n;onoch)nul antibodies Highly purified adult jejunal microvillar membranes were used to produce murine monoclonal antibodies against individual hydrolases (Hauri e l ul., 1985) . Enzyme measurements in immunoprecipitates and subsequent analysis on gels revealed three types of antibodies. Most antibodies recognized individual mature enzymes and their biosynthetic precursor forms. A few antibodies recognized only the intracellular precursor forms of enzymes under native conditions. A substantial number of antibodies bound to all the hydrolases investigated and are most probably directed against carbohydrate epitopes. By means of specific monoclonal antibodies three disaccharidases and four peptidases were successfully identified as individual entities (Table 1 ) and localized in the brush-border by immunofluorescence microscopy and immunoelectron microscopy. I t is particularly noteworthy that, for the first time, antibodies against human brush-border peptidases were obtained. The finding that the four peptidases were each immunoprecipitable in a quantitative manner by individual monoclonal antibodies suggest that they are single and separate enzymes.
These monoclonal antibodies have already been used to characterize differentiated human colonic tumours (Zweibaum et ul., 1984) and brush-border enzymes in cystic fibrosis (Sips CI al., 1985) . The adenocarcinoma cell line Caco 2 was found to express sucrase-isomaltase, lactase, dipeptidylpeptidase IV and aminopeptidase N but not maltase-glucoamylase, angiotensin I-converting enzyme nor p-aminobenzoic acid-peptide hydrolase, when probed with monoclonal antibodies. After confluency these four hydrolases were expressed in a highly polarized manner in the brushborder as assessed by immunofluorescence microscopy with 1 pm cryosections and by immunoelectron microscopy. The basolateral membrane was devoid of labelling. Seven to nine days after confluency all the cells expressed the four hydrolases. The expression was found to be more variable for the disaccharidases than for the peptidases. These results suggest that Caco 2 is a highly useful cell line to study the biogenesis and transport to the brush-border of at least four hydrolases.
Biosvnthesis and usvnchronous trunsport to tht. Golgi upparutus of brush-border hydrolases in Cuco 2 cells
Pulse-chase experiments (Table 1 ) using ["Slmethionine followed by immunoprecipitation with subunitspecific monoclonal antibodies and gel electrophoresis Vol. 14 BIOCHEMICAL SOCIETY TRANSACTIONS revealed that sucrase-isomaltase was synthesized as a single endo-H-sensitive polypeptide of M, 210 000 comprising both subunits. Conversion into the endo-Hresistant complex-glycosylated form ( M , 21 7 000) is a trans-Golgi event, and occurred very slowly with a halftime of approx. 105-1 20 min. Lactase-phlorizin hydrolase was synthesized as a single core-glycosylated protein of M, 200000 and was converted into the complexglycosylated form (M, 214000) only after 4-8 h. Soon after complex-glycosylation the enzyme was cleaved into subunits (M, 143 000). Dipeptidylpeptidase IV was synthesized as an M , 114000 core-glycosylated protein and was rapidly converted into the complex-glycosylated form ( M , 124000, half-time of conversion 20-30 min). Similarly, aminopeptidase N was synthesized as an M, 139 000 complex-glycosylated protein and was converted into the M , 158000 complex-glycosylated form with a half-time of 20-30 min. These asynchronous transport rates were not significantly different in Caco 2 cells grown on filters or on plastic. Furthermore, the transport kinetics were independent of the amount of expressed enzyme ( 1 day after confluency versus 10 days after confluency). Recent results with organ-cultured human small-intestinal biopsies also revealed a rapid transport of four peptidases to the trans-Golgi and a slow transport for three disaccharidases (H. Naim, E. Sterchi & H. P. Hauri, unpublished work) . Overall these results suggest that the major disaccharidases share a common biosynthetic mechanism differing from that for peptidases (Hauri et al., 1985) . At present it is not known if this asynchronous transport is due to two independent transport receptor systems or to different affinities of peptidases and disaccharidases for a single system.
Transfer of hydrolases from the Golgi apparatus to the brush-border in Caco 2 cells
In order to monitor the arrival of newly synthesized hydrolases at the cell surface, a new method was developed for the purification of brush-border membranes from Caco 2 cells (B. Stieger, B. Baur & H. P. Hauri, unpublished work) . This method yielded a membrane fraction which was 20 times enriched in alkaline phosphatase when compared with the homogenate. The relative enrichment of alkaline phosphatase versus galactosyltransferase or NADH-oxidoreductase was 50-60 times. Thus contamination by Golgi or endoplasmic reticulum membranes was negligible.
The arrival of dipeptidylpeptidase IV and sucraseisomaltase in the brush-border membrane was asynchronous, reflecting the asynchronous endoplasmic reticulum to Golgi transport of these two enzymes. For both hydrolases the transfer from the Golgi to the brushborder required approx. 30-45 min. It can be concluded therefore that a single mechanism is responsible for the Golgi to cell-surface transport of both types of brushborder enzymes. Contrary to the situation in vivo (Hauri et al., 1979) , sucrase-isomaltase was not cleaved into subunits in the brush-border membrane of Caco 2 cells, an event which is mediated by pancreatic proteases.
An unresolved issue relates to the question of whether brush-border hydrolases are directly transfered from the Golgi apparatus to the brush-border membrane, or indirectly via the basolateral membrane. Previous subcellular fractionation experiments with rat intestinal enterocytes have pointed to the possibility that sucraseisomaltase may be transiently associated with the basolateral membrane en route to the brush-border membrane (Hauri et al., 1979) . Using monoclonal antibodies, in conjunction with ultrathin cryosections of human small-intestinal biopsies and the protein A-gold technique, we have localized sucrase-isomaltase by immunoelectron microscopy (Fransen et al., 1985) . Besides the brush-border, which showed the most pronounced labelling, immunoreaction was also found associated with the Golgi apparatus, transport vesicles and lysosomes. In all instances the basolateral membrane was not labelled. Thus, immunoelectron-microscopy does not support the concept of the basolateral membrane as an intermediate in the transport of sucrase-isomaltase to the brushborder. However, a very rapid passage through the basolateral membrane would have gone undetected by this method. The apparent transient association of newly synthesized sucrase-isomaltase with the basolateral membrane fraction may have been due to a co-purification of basolateral membranes with transport vesicles for which no marker proteins are known.
The differentiated colon carcinoma cell line Caco 2 represents a promising cell culture model for studying molecular mechanisms underlying intracellular membrane traffic and the biogenesis of surface membrane polarity in epithelial cells. The use of a cell culture system which closely mimicks the epithelial organization in vivo has a number of advantages in comparison with whole tissue as the experimental system. In particular, a cell culture system provides a homogeneous cell population and allows easy experimental manipulation. Although more difficult with cell cultures, subcellular fractionation of Caco 2 cells is feasible and can yield membrane fractions whose purity approaches that obtained with whole tissue. Progress in our understanding of the biosynthetic pathway of surface membrane proteins has mainly come from studies on virus maturation in Madin-Darby canine kidney cells (Simons & Fuller, 1985) . It will now be possible to investigate these mechanisms with endogenous membrane proteins in Caco 2 cells.
